Diel and seasonal variations in denitrification were determined in a littoral lake sediment colonized by the perennial macrophyte Littorella uniflora (L.) Aschers. In the winter, the activity was low (5 ,umol of N m 2 h-1) and was restricted to the uppermost debris layer at a depth of 0 to 1 cm. By midsummer, the activity increased to 50 ,umol of N m2 h-1 and was found throughout the root zone to a depth of 10 cm. The root zone accounted for as much as 50 to 70% of the annual denitrification. A significant release of organic substrates from the roots seemed to determine the high activities of root zone denitrification in the summer. The denitrification in the surface layer and in the root zone formed two distinct activity zones in the summer, when the root zone also contained nitrification activity, as indicated from the accumulations of N03 . Light conditions inhibited denitrification in both the surface layer and the upper part of the root zone, suggesting that a release of 02 by benthic algae and from the roots of L. uniflora controlled a diel variation of denitrification. In midsummer, the rate of denitrification in both the surface layer and the upper part of the root zone was limited by N03 . In the growth season, there was evidence for a significant population of denitrifiers closely associated with the root surface.
The earliest information on denitrification in freshwater lakes was obtained from mass balances (2) and from determinations of N03-uptake in the sediments (1, 3) . Subsequent investigators used 15N isotope and in situ enclosures to measure such uptake rates (22) , and the enclosures have also been used in combination with the acetylene inhibition technique to give a direct measurement of denitrification by the formation of gaseous nitrogen (9, 10) . It would seem that only those assays, which are based on the direct determination of N20 and N2 production, should be used for the measurement of denitrification in natural sediments. For instance, the assay of uptake of NO3-may also incorporate the route of assimilation by benthic microalgae and may therefore lead to an overestimate of the denitrification. Furthermore, the early assays of NO3-uptake included an addition of NO3-to the water phase, which could have affected the rate of N03-reduction (3, 22) .
In littoral sediments, nitrogen cycling may be strongly influenced by the root metabolism of aquatic macrophytes (8, 13, 14, 19) . Root activities such as the uptake of NO3-, release of 02 (6, 13, 17) , and excretion of organic compounds (7, 12, 20) may all affect the denitrification in sediments, and both the spatial heterogeneity and the complicated control patterns are serious restraints on the quantification of rhizosphere denitrification. None of the earlier reports have described the seasonal or diel patterns of bacterial denitrification in plant-embedded lake sediments.
In the present study, we used the acetylene inhibition technique to measure a full annual cycle of denitrification in a littoral sediment which was densely covered with the perennial isoetid Littorella uniflora (L.) Aschers. Light and dark incubations were used to assess diel patterns. The regulating factors for denitrification were considered to be the changing temperature and light conditions as well as the availability of 02, and Assay of in situ N03-concentration. Separate cores and water samples were taken for the determination of in situ concentrations of NO3-in both the sediment and the lake water. The cores were cut into 1-cm segments and transferred to beakers containing 15 ml of 1 N KCl solution. After being vigorously shaken, the slurries were centrifuged (3,000 x g, 10 min), and the supernatants were analyzed for NO3- (5) in an autoanalyzer (Chemlab Instruments Ltd., Essex, England). All concentrations were micromolar and were corrected for sediment porosity.
Assay of denitrification activity. A slight modification of the acetylene inhibition technique described by S0rensen (21) was adopted for the assay of sediment denitrification. In short, the activity is determined as the rate of N20 accumu-DENITRIFICATION IN LAKE SEDIMENT 1175 lation in cores which are amended with dissolved C2H2 to block the bacterial reduction of N20 to N2. At depth intervals of 1 cm, an aliquot of 600 ,ud of C2H2-saturated, distilled water was distributed homogeneously into the sediment. A 20-ml portion of the overlying aqueous phase was replaced with C2H2-saturated water, and a stopper was mounted on top. The final concentration of C2H2 was approximately 10% of saturation in both the pore water and the overlying aqueous phase.
A total of six cores were amended with C2H2 by this procedure and incubated from 2 to 6 h at the in situ temperature; three of the cores were left in darkness, and the other three were incubated under the light of a 400 W mercury lamp (Osram HQI-T). Irradiance was 200 microeinsteins m-2 s-' at the sediment surface; this level is sufficient to saturate the photosynthetic activity of L.
uniflora (16) . The temperature variation was 2 to 20°C during the year.
After incubation of a core, a subsample of 25 ml was taken from the aqueous phase and stored in a glass vial containing 200 ,ul of saturated HgCl2 solution. The vial was completely filled with the sample and stoppered quickly to avoid a loss of N20. The N20 could later be extracted from the sample by a simple headspace technique in which 5 ml of the water was substituted with an equivalent amount of N2. After vigorous shaking of the vial, the N2O content could be analyzed by gas chromatography, as described below.
After the water samples had been removed, the cores were stoppered again and frozen at -20°C. The following day, the cores were cut into 1-cm segments and quickly transferred to 60-ml beakers containing 15 ml of 1 N KCl solution. The beakers were immediately stoppered and shaken for 10 min until the sediment was thoroughly thawed and N20 was in equilibrium between the aqueous and gaseous phases. Gas samples (3 ml) were taken from the beakers with a syringe and stored in preevacuated glass vials (Venoject; Terumo Corp., Tokyo, Japan). Finally, the slurries were centrifuged (3,000 x g, 10 min), and the supernatants were analyzed for NO3-.
All gas samples were analyzed for N20 on a Packard 427 gas chromatograph which was equipped with a63Ni electron capture detector held at 320°C. A Porapak Q column (2 m by 3.2 mm; 80/100 mesh; Waters Associates) was used to separate the components at 60°C, with pure N2 as the carrier gas (flow rate, 15 ml min-1).
For the headspace analyses, a correction was included for the dissolved N2O. Bunsen solubility coefficients of 0.6 (water samples extracted at 22°C) and 0.7 (sediment samples extracted at 16°C) were used (23) . Denitrification activities were estimated as the linear accumulation of N20 during the time of incubation (correlation coefficient > 0.85) and expressed in nanomoles of N centimeter-3 hour-' for each segment of the sediment. Because of the short incubation time, the amount of N20 accumulating in the aqueous phase of the cores was assumed to originate from denitrification in the surface layer of the sediment and was therefore assigned to the 0-to 1-cm segment. The overall activity in whole sediment cores was expressed in micromoles of N meter-2 hour-'. During the incubation period, there were no measurable changes in the NO3 concentrations at any depths of the sediment.
Assay of denitrification in N03-amended cores. To elucidate the control of NO3-availability on in situ denitrification, a separate set of cores was incubated with C2H2-saturated water containing 10 mM KNO3. The final NO3-concentration in the pore water of these cores was between 600 and 900 ,uM, which was well above the in situ concentrations. All incubations and analyses of the NO3--amended cores were performed as described for the assay of unamended cores.
RESULTS
Seasonal variation of N03-concentrations. Except for a period in early summer (April through June), when the highest NO3 concentration was found at a depth of 1 to 2 cm, maximum concentration of NO3 was always within the uppermost 1 cm (Fig. 1) . The concentration decreased rapidly with depth, although it was always above 10 ,uM in the root zone, even at a depth of 10 cm. Concentrations in the overlying water column were also lower. The concentrations were lowest in the summer, but increased again during the fall and reached a maximum of 200 to 300 ,uM in the surface layers during the early spring.
A sudden change of the balance between production (nitrification) and consumption (assimilation and denitrification) of the N03 was apparent from its rapid decrease in abundance in the spring (Fig. 1) . The assimilatory demand for inorganic nitrogen was expected to be high in macrophytes and algae at this time of year, which marks the onset of the growth season.
Seasonal variation of in situ denitrification. Under both light ( Fig. 2A) and dark (Fig. 2B) conditions, the denitrification showed a marked seasonal variation. During the colder months, from October to April, only the dark-incubated cores showed detectable denitrification rates (0 to 0.1 nmol of N cm3 h-1), and the denitrification occurred only in the surface zone of the sediment. No activity was observed in the light-incubated cores during the winter. As the growth season began, however, there was an increase in activity and an indication of the presence of two separate denitrification zones during the summer: one in the surface layer at a depth of 0 to 1 cm and one in the underlying root zone. The surface-associated activity was again highest in darkincubated cores (0.1 to 1.0 nmol of N cm3 h-1) but was now also significant in the light-incubated cores (0.1 to 0.5 nmol of N cm3 h-1). Illumination thus resulted in a complete inhibition of the surface activity in the winter, while in the summer the activity was only inhibited by ca. 50%. The root zone denitrification, which was not detectable in the winter,
showed maximum activity at a depth of about 3 cm in the summer (0.5 nmol of N cm3 h'1). In this zone, however, core illumination had only a small effect (see below).
By vertical integration of the data presented in Fig. 2 , areal estimates of denitrification were obtained (Fig. 3) . The distribution of activity between the surface zone (depth, 0 to 1 cm) and the upper and lower parts of the root zone (depth, 1 to 3 and 3 to 10 cm, respectively) is indicated. The data presented in this way demonstrated (i) the high overall activity in the summer and (ii) an apparent inhibition of denitrification in the light for all seasons. During the summer (August), maximum activities of 40 and 50,umol of N m-2 h-1 were recorded for light and dark incubations, respectively. The activities were markedly lower in winter, about 0 and 5,umol of N m-2 h-1, for the same conditions. The distribution of activity with depth also changed during the year. In the summer, for instance, the fraction of denitrification occurring in the root zone represented as much as 40 to 80% of the total recorded in the light (Fig. 3A) compared with 40 to 60% of the total recorded in the dark (Fig. 3B ). For both light and dark conditions, only one-third of the overall activity was found in the upper part, at a depth of 1 to 3 cm. The rest was located in the underlying sandy part of the root zone. The definition of upper and lower root zones was further supported by the slightly inhibitory effect of illumination on the upper root zone denitrification (Fig. 3) . This effect was not observed in the lower root zone.
Seasonal variation of NO3-stimulated denitrification. The NO3-addition to the sediment gave no stimulation of denitrification in the winter, irrespective of the light conditions (Fig. 4) ; low and almost similar rates were recorded in the control and the NO3 -amended cores ( Fig. 3 and 4 ; note scale change). In contrast, the stimulation by NO3 was very significant in the summer. Here the activities in the dark increased up to 20-to 40-fold in the sediment from a depth of 0 to 3 cm. For the incubations in the light, the stimulation was somewhat lower: in the upper 3 cm the denitrification 1 ' 2-3. DISCUSSION Our data demonstrate the presence of two denitrification zones in the plant-covered sediment: one in the uppermost debris layer, which was detectable throughout the year but was strongly affected by light-dark cycles, and one in the underlying sediment, which was slightly affected by light at a depth of 1 to 3 cm (upper root zone) but not at 3 to 10 cm (lower root zone).
The temperature variation obviously plays an important role in the seasonal pattern of denitrification. In the summer, for sediments from shallow marine waters (4) . The strong influence of light on surface denitrification indicated that the activity was located in the uppermost surface layer, in which algal photosynthesis was likely to control the 02 profile and its depth of penetration. The illumination of sediments may cause both a significant accumulation and a deeper penetration of the 02. This has often been demonstrated for intertidal marine sediments, in which diatoms and other microalgae are abundant in the benthos (see, e.g., reference 15) . Except from the early summer, when the highest concentrations were observed at a depth of 1 to 2 cm, the maximum NO3-accumulation was always found within the uppermost 1 cm (Fig. 1) . This indicated that the surface denitrification was primarily supported by NO3-from the nitrification occurring close to the sediment-water interface.
A control by the NO3-availability was apparent for both the surface denitrification and the activity in the upper part of the root zone. Both layers were markedly affected by additions of NO3-in the summer (Fig. 3 and 4) . A maximum of stimulation was thus obtained at the onset of the growth season (May-June), when a sudden decrease in the NO3-concentrations occurred in situ (Fig. 1) . The apparent NO3-limitation of denitrification could be related to the high assimilatory demands for inorganic nitrogen in both the plants and the benthic microalgae at this time of year. After the growth season, the N03-concentrations were again increasing In situ, and the stimulation by an excess of NO3-could no longer be observed in the cores.
Denitrificatiohl in the root zone. The deep denitrification zone, which developed in the summer, was clearly associated with the root zone of L. uniflora. The primary productivity of L. uniflora is significant only in the summer (18) , and both the seasonal pattern and the depth distribution therefore strongly indicate a regulation of the denitrification by the release of organic substrate from the roots.
Interactions between the plant and the root zone denitrification were also indicated from the accumulation of NO3-at a depth of 1 to 2 cm in the summer, which could only be explained by the presence of 02 and a secondary zone of nitrification in this part of the root zone. The nitrification must be supported by the release of 02 from the roots when the plant is undergoing active photosynthesis (17) . The upper and lower denitrification zones appearing in the summer may be separated by this intermediate zone of nitrification. Such i zonal model, incorporating a deep nitrification zone, has been proposed for marine sediments in which the burrows bf the benthic fauna provide a route of 02 transport to the deeper layers (11) . The NO3 from a deep nitrification zone may support the denitrification to considerable depths in the sediment.
A significant light-dependent release of organic compounds has also been reported for L. uniflora roots (20) . A simultaneous release of both the 02 and the organic substrate may therefore indicate a complicated diel control of root zone denitrification. During the day, for instance, a stimulatory effect of the organic compounds could well be counteracted by the inhibitory effect of 02. For the upper part of the root zone, our data indicated higher activities in the dark than in the light, but in the lower part of the root zone, in which the organic substrate seems a major limiting factor of denitrification, we found no such differences in the activity for dark and light conditions. It was impossible to say, however, whether the releases of 02 and organic carbon were both of minor significance during the incubations or whether their effects on the denitrification were truly antagonistic.
As noted above, an apparent NO3-limitation was found for the denitrification in the upper part of the root zone. The NO3--amended cores demonstrated a high potential for denitrification in the summer and revealed a significant population of denitrifying bacteria in the root zone. It was interesting that the light had a pronounced effect on the upper rdot zone denitrification in the NO3--amended sediment (Fig. 4) . Such a marked inhibition by the light was probably due to a release of 02 from the roots and would only be expected if the population of denitrifiers were closely associated with the roots and therefore highly susceptible to plant metabolism.
The present study clearly demonstrates the important role of root zone denitrification in the littoral sediment of Lake Hampen. On an annual basis, the root zone accounted for about 70% of the total activity in the light and about 50% of the total in the dark. Comparable but nonvegetated littoral sediments showed low denitrification activity, and the activities were restricted to the surface layer (P. B. Christensen, unpublished data). To determine nitrogen losses by denitrification in lakes, it is therefore important to incorporate direct measurements of the activity in the littoral plant-sediment community and to consider both the temporal and spatial variations of the process.
